Abstract-In recent years, portable, sensitive, and cheap sensors have gained interest in fields such as medical diagnostics, food quality control, environmental monitoring, and drug development. Especially optical sensors in silicon-on-insulator (SOI) have proven to be very promising, because they have a low limit of detection, are very compact, and can be made with cheap mass fabrication techniques. While a lot of progress has been made to implement such sensors in small and easy-to-use cartridges, many applications require a sensor probe that can perform measurements at locations that are hard to reach. We introduce a method to integrate an SOI photonic sensor on the facet of a standard single-mode optical fiber, and apply this method to a well-known ring resonator refractive index sensor without deteriorating its sensitivity. We thus combined the good performance of SOI sensors with the high mobility of optical fibers.
I. INTRODUCTION
O PTICAL sensors in silicon-on-insulator have proven to be very promising as sensitive and cheap sensors because they have a low detection limit, are very compact and can be made with cheap mass fabrication techniques. Microring resonator sensors stand out as prime candidates among other technologies such as Fabry-Pérot cavities, microdisks, or photonic crystal cavities, for achieving high performance in a robust manufacturable manner [1] . The resonance wavelengths of this type of sensor shift for a changing refractive index in the evanescent field of the resonant modes. This shift can be made specific for a certain application by chemically modifying the waveguide surface.
A lot of progress has been made to implement silicon-oninsulator sensors in small and easy to use cartridges [1] - [5] .
However, many applications require a sensor probe that is flexible, portable, and can perform measurements at locations that are hard to reach [6] , [7] .
We introduce a method to integrate a silicon-on-insulator photonic sensor on the facet of a standard single-mode optical [8] . Our device is composed of typical 450 nm wide photonic wires with 2.7 dB/cm propagation loss.
As depicted in Fig. 1(a) , we designed the circuit so that light is coupled in and out via a single grating coupler similar to the work presented in [9] . As will be described in Section III, we align the fiber core to this grating coupler in a later stage. In order to fit on the facet of a standard single-mode optical fiber, the photonic circuit is also required to be compact. We used a focused grating coupler, which circumvents the need for a space consuming waveguide taper. This grating coupler is characterized in [10] , where the insertion loss is determined to be 10.5 dB. A 3 dB multimode interference (MMI) coupler couples light from that grating coupler to both access waveguides of an add-drop ring resonator, which has a compact racetrack shape with 4 m bend radius and 4 m straight sections that are used as directional couplers with a gap of 180 nm between the waveguides. At a resonance wavelength, both a clockwise and counterclockwise resonance mode will be excited, causing light to be coupled back in the access waveguides. The same MMI is used to combine the reflected light towards the grating coupler.
III. TRANSFER OF THE PHOTONIC CHIP TO THE FIBER FACET
In order to transfer the silicon-on-insulator circuit to the facet of a fiber, the sample is first bonded upside down to a silicon carrier wafer by means of CrystalBond 509 wax from Electron Microscopy Science. This wax releases easily after processing and leaves only little and easy-to-remove residue on the sensor surface.
In a next step the silicon substrate is removed. First by reducing its thickness to 100 m by mechanical grinding, then to 50 m by dry etching, to finally remove it completely by wet etching. For this wet etching a mixture of acetic, nitric and hydrofluoric acid (CH COOH:NH :HF, 4:5:1) at 20 C is used.
At this point only the silicon waveguides and the 2 m thick silicon dioxide layer are left on top of the wax bond to the carrier wafer. Then the optical fiber core is actively aligned to the grating coupler through the silicon dioxide layer, after which the chip is glued to the fiber with ultraviolet (UV) curable resist PAK-01 (Toyo Gosei Co.).
1041-1135/$26.00 © 2011 IEEE Fig. 1. (a) Sketch of the top view of the optical fiber probe: photonic integrated circuit aligned to the core of the optical fiber. The circuit is designed so that light is coupled in and out via the same grating coupler [9] and it is also required to be compact in order to fit on the facet of a standard single-mode optical fiber. A focused grating coupler is used to circumvent the need for a space consuming waveguide taper [10] . A 3-dB multimode interference (MMI) coupler couples light from that grating coupler to both access waveguides of an add-drop ring resonator, which has a compact racetrack shape with 4-m bend radius and 4-m straight sections. At a resonance wavelength, both a clockwise and counterclockwise resonance mode will be excited, causing light to be coupled back in the access waveguides. The same MMI is used to combine the reflected light towards the grating coupler. (b) Microscope picture of the top view of the optical fiber probe. The buried oxide layer (in black) is visible around the silicon waveguides (in white). At the end of the access waveguides, two tapers avoid possible reflections back to the circuit.
Subsequently, the wax that joined the sensor to the silicon carrier wafer is melted by heating the carrier wafer to 110 C with a hot plate. By lifting the fiber, the thin layer of silicon dioxide around the sensor breaks under the weight of the remaining part of the photonic chip, leaving only the sensor circuit on the tip of the fiber. To facilitate breaking the silicon oxide layer around the circuit, we found it necessary to selectively thin down that layer from 2 m to 700 nm by dry etching over a circular area around the circuit. This partial etching is performed prior to the bonding of the sample to the carrier wafer.
Finally, the residues of wax at the sensing surface are removed by immersing the fiber in acetone during 5 min at 75 C.
IV. CHARACTERIZATION OF THE FIBER PROBE SENSOR
To measure the transmission of the sensor integrated on the fiber tip, light from a tunable laser source is coupled to our sensor fiber and the light coupled back by the sensor circuit is detected with an optical power meter. The polarization is optimized for maximal coupling to the quasi-transverse electric (quasi-TE) mode of the SOI circuit using a fiber polarization controller. The bidirectional transmission through the sensor fiber is achieved with a fiber-optic circulator. Fig. 3 displays a measured resonance peak of the resonator integrated on the fiber tip. By fitting a Lorentzian function the quality factor was determined to be 2340, which is lower than that of optimal SOI ring resonators in water, which could be over 10000. We expect that this can be improved in a future Fig. 3 . In gray, a measured resonance peak of the resonator integrated on the fiber tip. By fitting a Lorentzian function (in black) the quality factor was determined to be 2340. design by optimizing the coupling sections of the resonator and by increasing its bend radius to reduce the bend loss, which can be achieved by making more efficient use of the available space on the fiber tip.
To verify the capability of our fiber probe sensor, we measured its sensitivity for refractive index changes of aqueous solutions and compared it with the one we previously measured for a similar silicon-on-insulator ring resonator sensor that was not integrated on a fiber tip [2] . We used aqueous ethanol solutions with different concentrations, of which we derived the refractive index from [11] . No surface chemistry was applied to the sensor surface. Fig. 4 illustrates the measured resonance wavelength shift of our sensor as a function of the refractive index change of the solution. A linear fit is depicted with mean wavelength shift values and weighted variance error bars determined over 3 measurements on the same device. The sensitivity is determined to be 70 nm/RIU, which corresponds with the value we previously measured in [2] .
In order to compensate temperature variations in a real environment, a second fiber probe sensor is required. Its surface must be covered so it is insensitive to surface interactions providing then a reference for the measurement.
V. CONCLUSION
We integrated a silicon-on-insulator ring resonator sensor to the facet of a single mode optical fiber without any degradation of sensitivity, thus combining the good performance of silicon-on-insulator sensors with the high mobility of optical fibers. Future work involves chemical modification of the sensor surface for specific sensing. Among others, a possible application is in vivo label-free biosensing.
